Objective: To investigate body composition differences, especially the relationship between body mass index (BMI) and percent body fat (%BF), among five ethnic groups. Design: Cross-sectional. Subjects: Seven hundred and twenty-one apparently healthy women aged 18-60 years (BMI: 17.4-54.0 kg/m 2 ) from South Africa (SA, 201 black, 94 European) and New Zealand (NZ, 173 European, 76 Maori, 84 Pacific, 93 Asian Indian). Measurements: Anthropometry, including waist circumference, and total, central and peripheral body fat, bone mineral content and total appendicular skeletal muscle mass (ASMM) derived from dual X-ray absorptiometry. Results: Regression analysis determined that at a BMI of 30 kg/m 2 , SA European women had a %BF of 39%, which corresponded to a BMI of 29 for SA black women. For a BMI of 30 kg/m 2 in NZ Europeans, equivalent to 43% body fat, the corresponding BMIs for NZ Maori, Pacific and Asian Indian women were 34, 36 and 26 kg/m 2 , respectively. Central fat mass was lower in black SA than in European SA women (Po0.001). In NZ, Pacific women had the lowest central fat mass and highest ASMM, whereas Asian Indian women had the highest central fat mass, but lowest ASMM and bone mineral content. Conclusions: The relationship between %BF and BMI varies with ethnicity and may be due, in part, to differences in central fatness and muscularity. Use of universal BMI or waist cut-points may not be appropriate for comparison of obesity prevalence among differing ethnic groups, as they do not provide a consistent reflection of adiposity and fat distribution across ethnic groups.
Introduction
Chronic disease now accounts for the largest proportion of global morbidity and mortality. 1 This proportion is growing as longevity increases and low-and middle-income countries undergo economic development. One of the identified major, yet largely preventable, risk factors for chronic disease is overweight and obesity. Obesity affects both mortality and the burden of disease from chronic diseases. 1 The cut-points for overweight and obesity are generally defined at a body mass index (BMI) of 25-30 and X30 kg/m 2 , respectively.
However, there is evidence to suggest that these BMI cutpoints do not represent the same associations between body fatness and risk within ethnic groups, 1 and may, for some sub-populations within and between countries, mask the true burden, for example, in populations from the Indian subcontinent 2 described in this paper as 'Asian Indian'.
South Africa (SA, a developing country) and New Zealand (NZ, a developed country) populations are multiethnic with different rates of obesity and chronic disease among the various ethnic groups. The overall prevalence of overweight and obesity in SA is 57% in women and 29% in men. 3 However, the prevalence of overweight and obesity is higher in black women (57%) than in European women (53%), or women of mixed ancestry (54%) or Asian Indian origin (49%), with a higher prevalence found in urban areas. 3 In the 2003 NZ National Health Survey, 4 ethnic disparities were also demonstrated. The overall prevalence of overweight and obesity was 62% in men and 50% in women. In NZ European, Maori, Pacific and of all Asian origin women, the prevalence of overweight and obesity was 50, 59, 83 and 23%, respectively. 4 No ethnic distinction was made in this survey between women from India, China or South East Asia and, therefore, conclusions cannot be drawn for the prevalence in Asian Indian women. In this survey, for Pacific and Maori women, BMI cut-points for overweight and obesity were defined as 26 and 32 kg/m 2 , respectively. Furthermore, the prevalence of chronic disease, associated with obesity, is not similar among ethnic groups and varies according to the disease. In the NZ National Health survey, the prevalence of age-standardized cardiovascular disease in women was high (B9%) in European, Maori and Pacific compared with all Asian (B5%), but type 2 diabetes was high in Maori (7%), Pacific (12%) and all Asian (9%) compared with European (2%). 4 Although there are no recent prevalence data available in SA, the age-standardized mortality rates for diabetes are more than double in the black compared with the white population groups (58.5 vs 23.0 per 100 000, respectively), 5 whereas the incidence of coronary heart disease and hypercholesterolaemia is greater in the white compared with the black population. 6 Differences in body fat distribution between ethnic groups may explain the disparate associations between body fatness and disease prevalence between ethnic groups. Indeed, waist circumference, as a proxy for central fatness, has been suggested to be a better predictor of disease than BMI within populations. 7 The inverse component of body composition, the fat-free mass (FFM), has not received as much attention as fat mass. For a given body mass (or BMI) in any population, higher fat-free or muscle mass is associated with a decreased fat mass, but the variation may be wide. Nonetheless, those who have relatively more skeletal muscle and physical fitness have lower risk of cardiovascular disease. 8, 9 From birth, Asian
Indians have less muscle mass and have a more central distribution of body fat than Europeans, 10 which is associated with increased risk of type 2 diabetes and ischemic heart disease. 11 In contrast, Polynesians (Pacific and Maori) have higher bone mass and muscle mass than Europeans and Asians of the same size. 12 To our knowledge, there are no studies in SA that have examined ethnic differences in skeletal muscle mass and constituents of FFM. Whole-body dual X-ray absorptiometry (DXA) provides measures of total body composition plus central versus peripheral fat distribution, appendicular skeletal muscle mass (ASMM) 13 and bone mineral content. Although there are limitations to the DXA method including standardization among machines, it has clear advantages over anthropometry. 14 The opportunity to combine two relatively large data sets of scans of urban women -one from SA comprising a white and black African population and the other from NZ examining European, Maori, Pacific and Asian Indianallowed us to characterize ethnic differences in (i) the relationships between total body fatness and body size, (ii) fat distribution, (iii) muscularity and (iv) bone mineral content. . Quality assurance checks were carried out on each machine before scanning each subject. In vivo precision (CV) of the SA machine was determined for fat-free tissue mass (0.7%), fat mass (1.67%) and whole-body bone mineral content (0.9%) by measuring 30 individuals twice on the same day with re-positioning. Precision of the NZ machine using the current software version has been reported as 2.5, 4.2 and 0.8% for fat-free soft tissue mass, fat mass and bone mineral content, respectively, based on six healthy volunteers measured on six occasions at weekly intervals. 16 BMI, fat and muscle differences in women of five ethnicities EC Rush et al ASMM was derived from the DXA scans as described by Heymsfield et al. 13 Briefly, 'cut-lines' were positioned vertically through the gleno-humeral joint to separate the arms, and obliquely through the femoral neck to separate the legs from the trunk. Total limb mass minus the sum of limb fat mass and wet bone mass, estimated as bone mineral content divided by 0.55, yields ASMM. In this model, mass of the skin and associated dermal tissues is assumed to be negligible relative to the skeletal muscle component.
Methods

Subjects
Body fat distribution
Waist at the level of the umbilicus and hip at the level of the largest circumference were measured and waist-to-hip ratio (WHR) was calculated. Waist and hip girths were not measured in the NZ European group. Appendicular fat mass (AFM) was measured from the DXA scans and central fat mass was calculated as the total fat mass minus the AFM.
Statistics
Results are presented as means7s.d. unless stated otherwise. Body composition measurements not dependent on DXA were compared between the five ethnic groups from the two countries. Differences in DXA-derived characteristics from SA and NZ were compared between ethnic groups separately for SA and NZ as a cross-calibration between the two DXA machines was not available. Between-group differences in subject characteristics were tested using one-way analysis of variance with a Tukey post hoc test. Analysis of covariance was used to adjust body composition results for comparison across ethnic groups. Before carrying out analysis of covariance, similarity of regression slopes among the ethnic groups was verified by examining the significance of the interaction between the covariate(s) and the group variable. Data were analyzed using SPSS software, version 13 (SPSS, Chicago, IL, USA). Results with P-values o0.05 were considered significant.
Results
BMI and body fatness
The characteristics of the 721 subjects are presented in Table 1 . For the characteristics not dependent on a DXA measurement, the SA black women were younger (Po0.001) than the women from the other ethnic groups. The European women from SA and NZ were taller than the other women (Po0.01), especially the SA black and NZ Asian Indian counterparts (Po0.001). Data obtained from DXA measurements completed in SA and NZ were considered separately as two machines were used and cross-calibration was not completed.
The linearized relationships between BMI (log 10 BMI) and percent body fat (%BF) for each ethnic group are presented Table 1 Characteristics of the subjects according to ethnicity Figure 1A and B. 
BMI, fat and muscle differences in women of five ethnicities EC Rush et al
Body fat distribution and skeletal muscle WHR was similar between ethnic groups, except that SA black women had a significantly lower WHR than women from all the other ethnic groups (Po0.05, Table 1 ). However, this was not reflected in the adjusted (for age, weight and height) waist circumferences separated by country (Table 3) or all combined. Pacific women had significantly larger adjusted waist and hip circumferences than all other ethnic groups and the black women were the only group who had smaller hips than Pacific women (Po0.001). DXA-derived central fat mass was highly correlated with waist circumference in all groups (r ¼ 0.80-0.93, Po0.001). When using DXA measures of adjusted central fat mass, SA blacks were less centrally obese than SA European. NZ Asian Indians had the greatest central fat mass, followed by the NZ Maori, NZ European and NZ Pacific who had the least (Table 3) . When central fat mass equivalents (unadjusted and adjusted for age, height and weight) were compared among the ethnic groups for the same waist measurement, South African European women had more central fat than SA black, especially at higher waist measurement, but Asian Indian, Maori and Pacific women had similar central fat (Figure 2) . Conversely, peripheral fat mass (AFM) was highest in SA black women and NZ Asian Indian women, which may be explained by their greater total body fatness. Accordingly, NZ Asian Indians had the lowest levels of FFM and ASMM, adjusted for age, weight and height, than women from other ethnic groups (Po0.001). The relatively low adjusted body fat of NZ Pacific women was associated with a high adjusted FFM and ASMM, being significantly higher than in women from all the other ethnic groups (Po0.001).
Whole-body bone mineral content Bone mineral content was significantly lower in SA black women compared with SA European women (Po0.001, Table 1 ), but not after adjusting for age, weight and height (Table 3 ). In NZ, Asian Indian women had the lowest bone mineral content, followed by NZ European, and then Maori and Pacific women, even after adjusting for age, weight and height (Po0.001, Table 3 ).
Discussion
When assessing the global burden of disease, BMI is the standard measure of obesity. 17 However, BMI is not always a BMI, fat and muscle differences in women of five ethnicities EC Rush et al good measure of body fatness and disease risk. 18 Moreover, waist circumference, which has been promoted as a better measure of risk owing to its close association with visceral or central adiposity, 11 has also shown inconsistent results. 19 This inconsistency may be explained by other independent variables, in particular ethnicity. The aim of this study was therefore, to characterize ethnic differences in the relationships between total body fatness and body size and body fat distribution in 721 women aged 18-60 years from five ethnic groups in NZ and SA. The main findings of this study were that ethnic differences in the association between BMI and %BF, as well as differences in appendicular skeletal muscle and peripheral and central fat depots were present in this interethnic comparison of body composition in women. We found that for the same %BF, mean interethnic BMI ranged by more than 10 BMI units (Table 2) , with the greatest difference between the Pacific and the Asian Indians. Although NZ Pacific averaged more than 40% body fat, their high BMI could also be attributed to their large FFM. For a BMI of 30 kg/m 2 , the Pacific women had the lowest body fat (B38%BF), the Europeans, Maori and SA black had similar values (B40%BF), whereas the Asian Indians had the greatest body fat (B48%BF). A higher %BF at a lower BMI has been previously described in the Asian Indian compared with European populations. 12, 20, 21 For the same BMI, we found that %BF in the Asian Indians was B8% higher than the Europeans. In their study of Chinese, Malays and Asian Indians, Deurenberg et al. 20 found a 3-5% higher %BF in this group than in the Europeans, which they attributed partly to differences in body build (i.e. differences in trunk-to-leg-length ratio and differences in slenderness). Similarly, Snijder et al. 22 showed that %BF predicted from BMI underestimates %BF in persons with a relatively slender body build or frame. We observed that with increasing BMI, %BF increased more rapidly for the NZ Europeans than for the Maori, Pacific and Asian Indian groups. Differences in the BMI-%BF relationship may be explained, in part, by differences in muscularity and bone mineral content. Indeed, when adjusted for age, weight and height, Pacific women had the highest levels of FFM and ASMM and Asian Indian women had the lowest (Table 3) , supporting previous findings in men. 12 Moreover, wholebody bone mineral content was lower in Asian Indian women than in Pacific and Maori women. Regardless of the determinants, these findings suggest that an ethnic-specific relationship exists between BMI and %BF, supporting previous studies. 21, [23] [24] [25] [26] This implies that errors in estimates of body fat from BMI may occur when ethnicity is not accounted for, and therefore questions the validity of the current BMI cut-points for obesity and highlights the need for ethnic-specific cut-points for obesity. However, to institute these cut-points, a clear understanding of the associated risk for each cut-point, at both a population and individual level, is required. The distribution of body fat has been recommended as a better surrogate of disease risk than BMI, with waist circumference suggested as the best criterion for central fatness. 7 Accumulation of fat in the abdominal area, particularly in the visceral fat compartment, is associated with increased risk of insulin resistance, diabetes, hypertension, dyslipidaemias and atherosclerosis and is the cornerstone of the metabolic syndrome. 11 In this study, we were not able to distinguish between subcutaneous and visceral fat, but even in the very obese waist has been shown to be a better predictor of visceral fat than WHR, 11 and is the recommended measurement albeit technically more difficult in very large women. However, in this study we found that at comparable waist circumferences, the central fat mass was not markedly different among ethnic groups. However, we report a lower central fat mass in SA black compared with SA European women that occurs with increasing weight. Moreover, despite similar waist circumferences between the SA black, European and NZ Maori, the SA black women had the lowest WHR and the greatest AFM (Tables 2 and 3) . These findings are supported by studies undertaken in SA 27-29 and the USA, 19, 30, 31 in which black women had significantly less visceral adipose tissue (assessed using computerized tomography) than white women when matched for BMI. These results, therefore, emphasize that the relationship between waist circumference and central adiposity is ethnic independent and may be a better indication of risk than BMI. Moreover, the findings imply that the cut-points for waist circumference, which were largely based on European data, are not valid for all ethnicities, highlighting the need for ethnic-specific cut-points for waist or, alternatively, another anthropometric proxy for central obesity that is ethnic specific. Differences in body fatness and body fat distribution may underlie the disparate associations between body fatness and prevalence of disease in women of different ethnic origin. Indeed, studies in the USA have found, for example, that both visceral and subcutaneous adipose tissue mass were closely associated with insulin resistance in African Americans, 32 but not Europeans. 18 However, there is a clear lack of understanding of the ethnic-specific nature of the association between the various components of body composition and morbidity sequelae. For example, increased central adiposity and reduced ASMM may be more important risk factors than total body fat in Asian Indians, and yet for Pacific and to a lesser extent Maori, increased muscle mass, associated with increased capacity for glucose disposal, is not necessarily protective. Moreover, studies in SA have shown that despite obese black SA women having less visceral fat than their European counterparts, they are more insulin resistant, but have lower total and low-density lipoprotein cholesterol, and triglyceride levels than the European women. 27, 33 Moreover, on a larger scale in SA, the prevalence of type 2 diabetes mellitus is twice as common in black and Indian populations compared with the European population, whereas coronary heart disease is more common in the European population. [34] [35] [36] Future studies of this nature should include measures of disease risk in order to obtain a BMI, fat and muscle differences in women of five ethnicities EC Rush et al better understanding of the ethnic-specific relationships between body fatness and distribution and morbidity. DXA machines from two different manufacturers were used in this study. A limitation of our analysis was that these machines were not cross-calibrated to allow interconversion of data. For this reason, we analysed the NZ and SA data separately in terms of the body fat vs. BMI relationships. Although DXA is widely used to assess body composition, 14 it does not discriminate between abdominal visceral and subcutaneous adipose tissue mass, which may be independent predictors of disease risk. 19 A strength of this study is the measurement of whole-body composition (DXA) in a relatively large, comprehensive sample, including women of five ethnicities from two different countries. Although our subjects may not be fully representative of apparently healthy women, who may not be fully representative of the populations from which they were recruited, they had a wide range of body composition that enabled us to characterize ethnic differences in the relationships between total body fatness and body size, as well as body fat distribution. Some underestimation of the variance in body size and composition in the wider populations may be expected owing to the potential effect of clustering in the sample selection and the limitations of measuring very large individuals by the DXA method. Strict representation of the groups investigated is not necessary for the validity of the relationships investigated in this study.
In conclusion, this study clearly demonstrates that the relationships between %BF and BMI, and waist and central adiposity vary with ethnicity and may be due, in part, to differences in muscularity, body fat distribution and bone mass. Accordingly, the use of universal BMI or waist cutpoints is not appropriate for comparison of obesity prevalence or risk assessment among these ethnic groups. Before public health recommendations regarding body composition for the prevention and management of disease risk can be formulated, a clear understanding of the ethnic-specific nature of these associations is required.
